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This study examined the hydrogen storage and electrochemical characteristics of bcc type
Tio32Cro43_xVoasFex (x=0-0.08) alloys and their ball-milled composites with ABs type
LmNig; Alp25Mng3Coogs alloy. With increasing Fe content in the bcc alloy, the hydrogen storage
capacity decreased and the plateau pressure increased due to the decreased lattice volume. In addition,
the plateau pressure of the bcc alloys decreased with decrease in its temperature. The discharge capacity
of the composite alloys of bcc and ABs alloy decreased with increasing Fe content in the bec alloy at 25°C,
attributed to the increased plateau pressure. On the other hand, at low temperatures, the discharge
capacity of the Fe-doped composite alloys was higher than that of the un-doped alloy due to the catalytic
effect of Fe. In addition, with increasing discharge rate, the Fe-doped composite alloys with improved
surface catalytic activity showed better discharge capacity.
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1. Introduction

Commercial Ni-MH secondary batteries employ ABs5 type hydro-
gen storage alloys as anode materials. However, continuous efforts
have been made for new and high-performance anode materials to
improve the energy density of Ni-MH secondary batteries [1-13].
In particular, body centered cubic (bcc) structured Ti/V base alloys
are potential anode materials for Ni-MH secondary battery owing
to their high effective hydrogen storage capacities (>2 wt%) in the
desired plateau pressure range (0.01-1 atm)[14-18].Several previ-
ous studies on the absorption and desorption of gas phase hydrogen
in the Ti-Cr-V bcc alloys have been reported [15,13,19,20]. In these
studies, the Ti-Cr-V bcc alloy exhibited the reversible absorption
and desorption of hydrogen near at room temperature. This indi-
cates that the Ti-Cr-V alloy can be successfully employed as a
hydrogen storage medium near at room temperature. On the other
hand, the alloys remain inactive and show low catalytic activity for
the charge-transfer reaction due to the formation of a dense oxide
film on Ti or V based alloys in alkaline solutions [18,21]. Accord-
ingly, the discharge capacity of the alloys is much lower than their
theoretical discharge capacity in alkaline solutions.

In previous studies, the catalytic activity and discharge capac-
ity of bcc type Tig32Cro43Vo2s5 alloy were improved either
by ball-milling the alloy with the more active ABs type
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LmNig 1Alg25Mng3Cog 65 (Lm: lanthanum-rich mischmetal) alloy
[22-25] or by substituting Mn for Cr in the alloy and ball-
milling it with an ABs type alloy [14]. The more active
LmNig 1Alg25Mng3Cog 65 (Lm: lanthanum-rich mischmetal) alloy
was embedded in the surface of the Tig3,Crg43Vo2s5 base alloy
through the ball-milling thereby forming a path for hydrogen pen-
etration into the bcc alloy. Ball-milling the bcc alloy with a 20 wt%
ABs alloy for 20 min resulted in a significantly improved discharge
capacity of 310 mAh/g. In addition, for further improvement in the
catalytic activity of the Tig32Crg43Vo2s5 alloy, Cr was substituted
partially by the more active Mn in the alloy and then ball-milled
with the ABs5 alloy. The Mn substituted Tig 35 Crg3gMng g5 Vg 25 alloy
after ball-milling with 20 wt% AB5 exhibited a high discharge capac-
ity of 340 mAh/g. These results encouraged Fe as a new additive
for bec alloys [26-28], which is more cost-effective than Mn while
more abundant and active than Cr [20,19].

This study examined the effect of the substitution of Fe for
Cr in bcc type Tig32Cro43_xVo2sFex (x=0-0.08) alloys and ball-
milling the alloys with ABs type LmNig Alg25Mng3Coggs alloy
on their hydrogen storage and electrochemical characteristics.
Furthermore, the effect of temperature on the electrochemical
characteristics of the composites of the bcc and ABs5 alloys were
examined.

2. Experimental

Button type ingots of Tig32Cro43_xVoasFex (x=0, 0.03, 0.05 and 0.08) alloys and
LmNig 1Alo25Mng3Cop 65 alloy were prepared by an arc-melting method in an argon
atmosphere. Each button ingot, weighing approximately 30 g, was re-melted five


dx.doi.org/10.1016/j.jallcom.2011.11.010
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:parkcj@chonnam.ac.kr
dx.doi.org/10.1016/j.jallcom.2011.11.010

H.-S. Park et al. / Journal of Alloys and Compounds 513 (2012) 566-572 567

times to improve the homogeneity of the ingots. The alloys were heated to 1380°C
at a rate of 20°C/min, held at that temperature for 1 min, and then water quenched
immediately. The ingots were crushed mechanically to make alloy powders with a
size range of 100-300 pm. The Tig 32Cro 43— xVo25Fex (x=0-0.08) alloy powders were
ball-milled with 20 wt% LmNig 1 Al 25 Mng 3 Cog 65 alloy powder for 20 min. The detail
of ball-milling procedure is reported elsewhere [ 14]. These mixed alloys are referred
as composite alloys, hereinafter.

The crystal structure of the prepared alloys was analyzed by X-ray diffraction
(XRD-Panalytical X'pert pro multipurpose X-ray diffractometer with Cu-target). The
surface morphology and chemical composition of alloys were observed by field
emission scanning electron microscopy (FE-SEM-JSM-7500F) and energy disper-
sive spectroscopy (EDS-Oxford), respectively. Approximately 1 g of the alloy powder
(100-300 wm size) was used to measure the pressure-composition isotherms (PCT)
using a Sivert’s type apparatus.

Paste type electrodes were fabricated by mixing the composite alloy powder,
hydroxyl propyl methyl cellulose (HPMC), 503H binder and carbon black. The result-
ing slurry was then pasted onto foamed nickel gauze. This nickel foam was then dried
and cut into 20 mm x 20 mm sections and used as the working electrode in a cell.
The electrochemical cell consisted of a composite alloy as the working electrode,
a Pt-wire as the counter electrode and a Hg/HgO as the reference electrode in a
6 M KOH electrolyte. The hydrogen capacity of the bcc Ti-based alloys was approx-
imately 2 wt%, which corresponds to 500 mAh g-! for the electrode. Therefore, the
electrodes were charged for 10h at 50 mA, and were maintained for 5 min under
open-circuit conditions after each charging and discharging step. The cut-off voltage
for discharge was —650 mV vs. Hg/HgO.

Furthermore, potentiodynamic polarization tests were carried out at a scan rate
of 1 mV/s to determine the effect of Fe substitution for Cr on the chemical stability
of the alloy.

3. Results and discussion

3.1. Phase analysis of Tig32Cro.43 _xVo2s5Fex (x=0-0.08) and
ball-milled composite alloys

Fig. 1(a) shows the XRD patterns of the Tig3,Crg43 _xVo2sFex
(x=0-0.08) alloys, LmNigAlg25Mng3Coggs alloy and
ball-milled composite alloys of Tig32Crp43_xVoo2sFex and
LmNig 1Alg25Mng3Co065. The as-prepared and composite alloys
showed a bcc crystal structure. On the other hand, the peaks in
the XRD were observed to shift to the right with increasing Fe
content, which is due to a compression in the lattice volume (i.e.
decrease in the lattice parameter, as shown in Fig. 1(b)). The linear
decrease in the lattice parameter with increasing Fe content was
attributed to the comparably smaller atomic radius of Fe than Cr.
For simplicity, the Tig3,Crg43 _xVo25Fex (x=0-0.08) alloy will be
referred hereinafter as a “bcc” alloy.

An analysis of the XRD pattern of the LmNig 1Alg25Mng3Cog 65
alloy powder confirmed its CaCus (ABs) type crystal structure. The
XRD pattern of the composite alloys did not reveal any indica-
tion of ABs alloys, which can be attributed to the formation of
an amorphous/nano-sized ABs alloy during the ball milling. More-
over, the bcc alloys preserved its crystalline nature, even after
ball-milling, which can be attributed to the comparably less brittle
nature of the bcc alloy than that of the AB5 alloy. On the other hand,
a comparison of the XRD peak broadness of the as-prepared alloys
and that of the composite alloy revealed grain-size refinement in
the ball-milled composite alloys.

Fig. 2 shows the typical back-scattered electron (BSE) image
of a ball-milled composite alloy with spot-EDS analysis. The BSE
image of ball-milled composite alloy clearly indicated the presence
of two phases, one phase forming the bulk and the other partially
covering the bulk-phase. The point EDS at the regions with differ-
ent contrast (marked as ‘a’ (darker) and ‘b’ (brighter)) clarified the
phase-composition. The estimated composition percentage for bcc
and ABs for the respective regions are mentioned in the inset table
of the respective spot-EDS, which confirms that the brighter region
consists of ABs phase while the dark region corresponds to the bcc
alloy. The AB5 phase on the surface of the bcc alloy can act as a path
for the diffusion of hydrogen.
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Fig. 1. (a) XRD patterns of Tip32Cro.43_xVo2sFex (x=0-0.08),

LmNig 1 Alg25Mng3Cog6s, ball-milled composite alloys and (b) variation of the
lattice parameter.

3.2. Effect of the Fe content and temperature on the hydrogen
storage characteristics of Tig3,Crg 43— xVo2sFex (x=0-0.08) alloys

The pressure-composition-isotherms (PCT) of the alloys were
obtained to examine the effects of the Fe content and temperature
on the hydrogen absorption-desorption characteristics of intrinsic
Tig32Cro43 _xVo.2s5Fex (x=0-0.08) alloys, as shown in Fig. 3. From
the PCT curves, the maximum hydrogen capacities are defined as
the amount of hydrogen absorbed at a hydrogen pressure of 5 MPa
and the effective hydrogen capacities as the amount of hydro-
gen desorbed from 5MPa to 20 kPa. With increasing Fe content
in the bcc alloys, the maximum and effective hydrogen capaci-
ties decreased at 25°C, which was attributed to the decrease in
the lattice-parameter/lattice-volume of the bcc alloys with the Fe
content, as shown in Fig. 1(b).

Furthermore, Fig. 4 shows the change in the plateau pressure
(Peq) obtained from the PCT curves of the bcc alloys measured at
different temperatures (T) and the corresponding log Peq vs. 1/T
plots. The plateau pressure of each alloy decreased with decreasing
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Fig. 2. Typical back scattered electron (BSE)image of the ball-milled composite alloy
(Tip32Cro:38Vo25Fepos + ABs) and point EDS spectrums at marked positions.

temperature, whereas the maximum hydrogen capacity increased,
as shownin Fig. 3. Thisis in accordance with the van’t Hoff equation,
which states that In Peq is inversely proportional to temperature.

3.3. Effect of temperature on discharge capacities of ball-milled
composite alloy electrodes

The electrodes were prepared using the alloys and testedina 6 M
KOH solution to examine the adoptability of the alloys as an anode
material for Ni-MH batteries. Before all measurements of the dis-
charge capacity for the electrodes under different test conditions,
the electrodes were activated for seven cycles at 25 °C by repeatedly
charging and discharging at a 0.1 C-rate. Fig. 5 shows the discharge
capacities of the Tig 32Crg 43 _xVo.25Fex (x=0-0.08) alloy electrodes
without AB5 additives. Un-doped and Fe doped bcc alloys exhibited
much lower discharge capacity than their theoretical values, which
can be attributed to the formation of Ti- or V-rich oxide layers on
the surface of the as-prepared alloys in a KOH solution, inhibiting
the absorption of hydrogen during charging [21,22].

To enhance the surface activation of the bcc alloys, the alloys
were ball-milled with AB5 type LMNigAlp25Mng3Coggs alloy.
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Fig. 3. Pressure—composition isotherms of Tip32Cro43_xVo2sFex (x=0-0.08) alloys
measured at (a) 25°C, (b) 10°Cand (c) 0°C.

Fig. 6 shows the discharge capacity of the composite alloys at
room and low temperatures. The bcc alloys when ball-milled with
ABs alloys exhibited a substantial improvement in their discharge
capacities, even though their discharge capacities were still lower
than their theoretical ones. These results suggest that the surfaces
of the bcc alloys were activated by ball-milling with the ABs alloy,
where surface-attached ABs alloy particles, as shown in Fig. 2, act
as a path for hydrogen penetration.

Apart from this improvement, the doped composite alloy
(x=0.03-0.08) showed lower discharge capacity (<250 mAh/g)
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Fig. 4. (a) Variation in the plateau pressure obtained from PCT curves of
Tio32Cro.43 -xVo2sFey (x=0-0.08) alloys measured at different temperatures and (b)
the corresponding van’t Hoff plot.

compared to the un-doped (x=0) composite alloys (~300 mAh/g)
at 25°C. In particular, the discharge capacity of the Fe doped
composite alloy decreased with increasing Fe content. According
to Figs. 3 and 4, the plateau pressure of the bcc alloy increased
with increasing Fe content. This suggests that for the composite
alloys with a high Fe content, the hydrogen-ions from the elec-
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Fig. 5. Discharge capacity of the Tip3,Cro43-xVo2sFex (x=0-0.08) alloy electrodes
measured at 25°C.
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Fig. 6. Discharge capacity of the composite alloy electrodes at (a) 25°C, (b) 10°C
and (¢) 0°C.

trolyte may evolve as hydrogen gas instead of diffusing into the
bcc alloy during charging and eventually result in a lower dis-
charge capacity. The measured discharge capacity of the bcc alloy
is closely associated with its plateau pressure shown in Fig. 4.
Too low plateau pressure of the alloy indicates that the hydrogen
absorbed in the alloy is hardly desorbed due to the high lattice
binding energy. Thus, the alloy cannot exhibit the good discharge
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Fig. 7. Variation in the discharge capacities of the composite alloys (15th cycle) as
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capacity. In contrast, too high plateau pressure of the alloy indi-
cates that the hydrogen is hardly absorbed into the alloy and the
hydrogen can also be easily released as a hydrogen gas. This also
induces the poor charging efficiency and accordingly the low dis-
charge capacity. The plateau pressure range suitable for an anode
in Ni-MH battery is 0.01-1 atm.

Fig. 6(a)-(c) also shows the effect of the electrolyte/operating
temperature on the discharge capacities of the ball-milled com-
posite alloys. In contrast to the data obtained at room temperature
(25°C), the discharge capacity of the un-doped composite alloy
measured at 10°C and 0°C was lower than that of the Fe-doped
ones. In addition, the discharge capacity of the alloys containing 5
and 8 at% Fe measured at 10°C was higher than that measured at
25°C. Interestingly, in the electrolyte at 0°C, the discharge capac-
ity of the composite alloy electrode increased with increasing Fe
content. These variations of discharge capacity can be understood
clearly from Fig. 7, where the variation in discharge capacities for
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Fig. 8. Potential variation of the composite alloy electrodes during charging and
discharging.

the 15th cycle is presented as a function of the Fe content at dif-
ferent temperatures. On the other hand, it should be noted that
although the trend is reversed at the lower electrolyte tempera-
ture (0°C), the unit discharge capacities are lower than that of the
respective composite alloys with the electrolyte at 25°C.

The lower discharge capacity of the Fe-doped composite alloy
electrodes at 25 °C was attributed to the higher plateau pressure of
the alloys (Fig. 3). For the alloy with a high plateau pressure, hydro-
gen can diffuse out from the alloy and be released as a hydrogen
gas during charging. This also degrades the charging efficiency and
accordingly the discharge capacity of the electrode. Fig. 8 shows
the potential variation of the alloy electrodes during charging
and discharging. Although the un-doped electrode exhibited a
clear potential drop to the hydrogen evolution potential after
finishing the charging process, the Fe-doped electrodes showed
no clear potential drop during charging indicating the continuous
hydrogen evolution and poor charging efficiency. The poorer
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Fig. 9. Effect of the C-rate on the discharge capacity of the composite alloys at 25°C.
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charging efficiency results in lower discharge capacity. On the
other hand, with decreasing temperature, the contribution of the
plateau pressure became less important. In particular, at 0°C, the
Fe-doped electrodes might exhibit better catalytic activity for the
charge transfer reaction than the un-doped electrode and higher
discharge capacity.

3.4. Effect of discharge rate on discharge capacities of ball-milled
composite alloys

Fig. 9 shows the effect of the discharge rate on the discharge
capacity of the alloy electrodes. During charging, the same charge
rate of 0.1 C was applied to all electrodes. The discharge capac-
ity of all electrodes decreased sharply with increasing discharge
rate. The degree of polarization increased with increasing discharge
current, and the discharge capacity of the electrode decreased.
At a 0.2C-rate, the discharge capacity of the composite alloy
decreased with increasing Fe content. As mentioned previously,
this phenomenon is closely associated with the increased plateau
pressure in the PCT curves with increasing Fe content. The high
plateau pressure of the bcc alloy induces poor charging efficiency.
On the other hand, at a high C-rate, the discharge capacity was
observed to increase with increasing Fe content. This increase in
discharge capacity might be due to the increased surface catalytic
activity of the electrode by the addition of Fe. With increasing
C-rate, the contribution of the activation polarization on the elec-
trode becomes more important. Therefore, the Fe-doped electrodes
with the improved surface catalytic activity show better discharge
capacity. This trend is similar to that of lower temperature
measurements.

3.5. Potentiodynamic polarization behavior of the bcc alloys

Fig. 10 shows a comparison of potentiodynamic curves of the
Ti0_32Cr0_43V0_25 and Ti0.32 Cro38VoasFegos alloys. For the Fe-doped
bcc alloy, the corrosion potential was lower and the passive current
density was higher than those of the un-doped alloy. This suggests
that the Fe-doped alloy is more active and less protective than the
un-doped alloy. In particular, considering the fact that the bcc type
Ti-Cr-V alloy is barely activated due to the presence of a dense
and protective passive film formed spontaneously on the surface
of the alloy in an alkaline solution, the higher passive current den-
sity of the Fe-doped alloy suggests that that the passive film on a
Fe-doped alloy is less stable than that of the un-doped alloy. There-
fore, the Fe-doped alloys can be activated easily. This also induces

more rapid charge transfer kinetics during the anodic discharge
reactions.

4. Conclusions

Tig32Cro43 _xVoosFex (x=0-0.08) alloys and their composite
(with 20 wt% LmNig 1Alg25Mng 3Cog 65 alloy) both exhibited a bcc
crystal structure and showed a decrease in its lattice parameter
with increasing Fe content. The plateau pressure in PCT curves
increased with increase in Fe content in bcc alloys, which is
attributed to decrease in lattice parameter, as decreased lattice
volume obstructs the diffusion of hydrogen into the lattice. In
addition, the plateau pressure of the bcc alloys decreased with
decrease in its temperature. The discharge capacity of the com-
posite alloys of bcc and ABs alloy decreased with increasing Fe
content in the bcc alloy at 25 °C, attributed to the increased plateau
pressure. On the other hand, at low temperatures, the discharge
capacity of the Fe-doped composite alloys was higher than that
of the un-doped alloy due to the catalytic effect of Fe. In addi-
tion, with increasing discharge rate, the Fe-doped composite alloys
with improved surface catalytic activity showed better discharge
capacity.
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